We have studied the role of extended protein DNA contacts and DNA topology on the ability of Escherichia coli RNA polymerase to form open complexes at several related promoters. The -35 region of several Escherichia coli promoters do not have homology with the consensus sequence, but still drive activator independent transcription initiation. This is due to the presence of a TG motif upstream from the -1 0 hexamer creating an 'extended -1 0 ' promoter. We have previously shown that two 'extended -1 0 ' promoters, ga/P1 and pBIa, can form open complexes at lower temperatures than the ga/P1 derivative, galP con 6, which has a consensus -35 hexamer. Here we report further investigations into the mechanism of open complex formation by RNA polymerase, in particular the thermal energy requirement. A single base pair change in ga/P con 6 creating an 'extended -1 0 ' sequence, results in a 20°C reduction in the temperature requirement for open complex formation. The DNA topology has also been shown to effect the thermal energy requirement for strand separation. Promoters carried on supercoiled plasmids form open complexes at lower temperatures than when present on linear DNA templates. We have also shown that in vivo, RNA polymerase can form open complexes at lower temperatures than those observed for linear templates in vitro, but requires slightly higher temperatures than supercoiled templates in vitro, however the promoter hierachy remains the same.
INTRODUCTION
The bacterium Escherichia coli has one major RNA polymerase (a2)3/3'a 70 ) which recognises promoters containing two hexamer sequences 10 and 35 base pairs upstream from the transcriptional startpoint (1) . The rate of transcription from constitutive promoters is dependent upon the nucleotide sequence of the individual -10, -35 hexamers. Work by many scientists has led to the elucidation of consensus sequences for both hexamers (2, 3) . The -1 0 and -35 regions provide contact points for the a 70 subunit of RNA polymerase. Most constitutive promoters must have close homology to both the consensus -3 5 and -1 0 sequences. At promoters containing -3 5 or -1 0 sequences with no homology to the consensus, RNA polymerase can not generally initiate transcription without enlisting the help of other transcription factors (1) . This is due to loss of contacts between the promoter and the a 70 subunit, transcription factors compensating for this loss.
The 'extended -1 0 ' class of promoters drive transcription by a 70 RNA polymerase but generally contain -3 5 sequences with no homology to consensus (4) (5) (6) . These promoters are still functional because RNA polymerase makes additional contacts outside the -1 0 region, specifically with a 5'-TG-3' motif at -15/-14 (7) . The TG motif is a weakly conserved sequence found in many E.coli promoters (2) . The galPl promoter is an example of an 'extended -1 0 ' promoter which has a -1 0 hexamer with close homology to the consensus and the TG motif, but a -35 sequence with no homology to the consensus. The galPl promoter also requires additional sequences positioned around -50 for maximum activity, RNA polymerase binds to these sequences which results in extended DNAsel footprints (8) . A synthetic derivative of galPl has been constructed by cloning a DNA sequence upstream from -12 which contains a consensus -3 5 sequence, this is named galP cm 6 [formerly called galP con in (9) ]. The galP con 6 promoter drives higher rates of transcription initiation than galPl both in vivo and in vitro at 37°C (10, 11) . Studies have shown that RNA polymerase makes different contacts at ga/P con 6 than at galPl; there are no contacts upstream from -45 or with the -15/-14 region, but important contacts are make with the consensus -35 region (7, 9) .
Transcription initiation is a complex process involving a plethora of protein-protein and protein-DNA contacts. Several steps take place before a competent binary complex is formed capable of catalysing the synthesis of a nascent RNA chain (1) . RNA polymerase first binds DNA non-specifically and migrates along the DNA searching for promoter sequences, once encountered RNA polymerase binds specifically to the promoter DNA to form a closed complex. The closed complex is not transcriptionally competent since the DNA template is still double stranded and hence no bases are available to pair with incoming *To whom correspondence should be addressed nucleoside triphosphates. The next step in transcription initiation is the isomerisation of the closed complex to the transcriptionally competent open complex; strand separation provides a single stranded template. The first nucleoside triphosphates may now bind, synthesis of the nascent RNA chain begins and continues with the formation of a stable elongation complex. These processes all require energy, but with the exception of formation of the phosphodiester bonds, no chemical energy is used. We have previously looked at the thermal energy requirement for transcription initiation at galP con 6 and galPl (9) . We have shown that at these two promoters the thermally limiting step in transcription initiation is the isomerisation of the closed complex to the open complex. At galPl and galP con 6 open complex formation is blocked at temperatures below 6°C and 20°C repectively on linear DNA templates. The surprising finding was that RNA polymerase could form an open complex at galPl at much lower temperatures than at galP con 6. It is probable that at galPl RNA polymerase overcomes the thermal energy requirement by making additional contacts with the promoter DNA and that it is not possible to make such contacts at promoters containing only the -10, -35 hexamers.
In this paper, we show that, in the gal context, promoters containing the 'extended -1 0 ' TG motif have a lower thermal energy requirement for open complex formation. Negative supercoiling lowers the thermal energy requirement for open complex formation. The in vivo temperature profiles of the promoters studied retain the same hierachy as observed in vitro.
MATERIALS AND METHODS Promoters
All promoters were carried as EcoRl-HindM fragments in the galK fusion vector pAA121 as described previously (12) . All plasmids were purified via caesium chloride gradients (13) . Supercoiled templates were uncut plasmids as isolated from the Escherichia coli host using the mehod of lysis by sodium dodecyl sulphate and then purified on a CsCl-ethidium bromide gradient as desribed in (13) . Linear templates were prepared by digestion of the supercoiled plasmid DNA with the restriction endonuclease Pstl, which cuts all constructs once within the bla gene on pAA121.
Formation of binary complexes
The DNA templates (lOnM) were incubated in transcription buffer (20mM Tris-HCl pH8.0, lOOmM NaCl, 5mM MgCl 2 , O.lmM EDTA, lmM DTT, 50/ig/ml BSA, 5% glycerol), in a final volume of 20/tl at the appropriate temperature for 20 minutes to allow temperature equilibration. RNA polymerase (200nM) (supplied by NBL Gene Sciences) was added and the mixture incubated for 20 minutes to allow binary complex formation.
In vitro potassium permanganate probing Potassium permanganate was used to probe binary complexes at the appropriate temperature; 1/il of a freshly prepared 200mM solution of potassium permanganate was added to the reaction containing the binary complex. The reaction was stopped after 4 minutes by the addition of 50/il KMnO 4 stop solution (3M ammonium acetate, O.lmM EDTA, 1.5M /3-mercaptoethanol). The DNA was purified by phenol/chloroform extraction and ethanol precipitation. Site of KMnO 4 modification was detected by primer extension.
In vivo potassium permanganate probing An overnight culture of M182ACRP containing the pAA121 promoter derivative was used to inoculate 5ml minimal media (13) and the cells grown at 37°C to an OD 650 0.5-0.6. The cells were then transferred to the appropriate temperature for in vivo probing and incubated for 1 hour. If required 20/il of 50mgml~' rifampicin was added to the cells 5 minutes prior to treatment with 135/tl 0.37M KMnO 4 . After two minutes permanganate treatment the cells were harvested by centrifugation and the DNA recovered using the Boiling lysis 'mini-prep' method (13) . Site of KMnO 4 modification was detected by primer extension.
Primer extension analysis of modified DNA
This a modified version of the method described by Sasse-Dwight and Gralla (14) . An oligonucleotide primer (Alta Bioscience, The University of Birmingham) complementary to the template strand upstream from the £c<?RI site (with respect to the promoter) was 5' end-labelled with [7- 32 P]ATP (Amersham). Labelled primer (20nM), dNTP's (100/iM) (Pharmacia) and Taq DNA polymerase (2 Units) (Boehringer Mannheim) or Vent Exo~ (2 Units) (New England Biolabs) were added to the modified DNA in a final volume of 50/tl. A mineral oil overlay (Sigma) was added and the extension reaction was started: 1 cycle of 3 min at 94°C, 2 min at 50°C, 1.5 min at 72°C; 15 cycles of 1 min at 94°C, 2 min at 50°C, 1.5 min at 72°C; and 1 cycle of 1 min at 94°C, 2 min at 50°C, 10 min at 72°C. The aqueous layer was ethanol precipitated and analysed on a 6% sequencing gel (Sequagel, National Diagnostics). 
RESULTS

Promoters
The sequences of the promoters used in this work are shown in figure 1 . We have previously shown that ga/Pl can form open complexes at lower temperatures than ga/P con 6 (9). We have continued the investigations into the phenomenon of low temperature open complex formation. In this paper we have investigated the role of the 5 T G 3 ' motif at -1 5 / -1 4 . Two derivatives of galP con 6 have been analysed; ga/P con TG6 which contains a consensus -35 sequence and the TG motif, and galP con TG5 which contains a -35 sequence with a 5/6 match with consensus and the TG motif. The in vivo activity of galP C(m 6 and galP-con TG5 is comparable, whereas galP con TG6 promotes higher levels of transcription than the other two promoters (15) .
Investigation into the role of the TG motif in the thermal energy requirement for open complex formation on linear templates in vitro
The ability of RNA polymerase to form open complexes has been investigated. Potassium permanganate was used to modify DNA at the site of strand separation (16, 17) and the position of modification detected using primer extension. We have previously shown that the galPcoJS promoter can not form open complexes at temperatures below 25°C, whereas the galPl promoter is capable of forming open complexes at lower temperatures (9) . Analysis of the galP con 6 and galPl promoter sequences reveals that there are several sequences within galPl that could contribute to low temperature melting. One candidate is the TG motif that is present upstream from the galPl -10 hexamer, this dinucleotide is required for galPl activity both in vitro and in vivo. Mutagenesis of the TG motif in galPl stops open complex formation at all temperatures (18) and (Burns, unpublished). We therefore investigated the ability of the TG motif to decrease the temperature requirement for open complex formation in the context of the galP con 6 promoter. The TG motif was introduced into galP con 6 thus creating galP cm TG6, galP con TG6 promotes high levels of transcription. The temperature requirement for open complex formation at galP con 6 and galP con TG6 was compared. Binary complexes were allowed to form at 37°C, 25°C, 14°C and 6°C and any open complexes then probed using potassium permanganate. Figure 2 shows that the temperature requirement for open complex formation at galP cm 6 was as observed previously (9) , full opening is seen at 37°C, minimal opening at 25°C and none at 14°C and 6°C. Introduction of the G into galP con 6 (9,11) . However, galP con 7G6 is a very strong promoter and therefore promoter strength may be affecting the temperature requirement. The ga/P con TG5 promoter has a similar activity to ga/P con 6 see figure 1 in (11) (Compare promoters d and e, galP con 6 and galP con TG5 respectively). We compared the temperature requirement for open complex formation at g a / P^ and ga/P con TG5 at 37°C, 25°C, 14°C and 6°C ( fig. 3) . The temperature profile of galP con TG5 was identical to that of galP con TG6, confirming that the temperature requirement in the 'gal' context is a function of the TG motif and not the in vivo strength of the promoter. (9)]. It is important to note that in vivo the DNA template will be supercoiled. Negative supercoiling promotes strand separation due to the stress introduced into the DNA which can be relieved by local unwinding (19, 20) . It can therefore be argued that in the specific case of open complex formation by RNA polymerase, promoters present on supercoiled DNA templates should have a lower temperature requirement than those on linear templates. The effect of negative supercoiling on the ability of RNA polymerase to form open complexes at different temperatures was studied. The supercoiled DNA template was as purified from the host E.coli cell (see materials and methods). The ability of RNA polymerase to form open complexes on supercoiled DNA templates at 37°C, 25°C, 14°C and 6°C was determined using potassium permanganate. Figure 4 shows that as expected negative supercoiling reduces the temperature requirement for open complex formation. The galP cm 6 promoter can form 'open' complexes at temperatures as low as 6°C when on a supercoiled template, whereas on a linear template no opening is observed at temperatures below 25°C ( fig. 2) . At ga/P con TG6 some opening is observed at 6°C on a linear template, however supercoiling leads to increased levels of opening. As mentioned previously gatPl is an 'extended -10' promoter, which forms open complexes at low temperatures, the effect of supercoiling on open complex formation at galPl was determined. Figure 5 shows that as with galP con 6 and galP con TG6, supercoiling reduces the temperature requirement for open complex formation.
Investigation into the thermal energy requirement for open complex formation in vivo
All previous experiments have concentrated on the thermal energy requirement for open complex formation in vitro, it was therefore neccessary to determine if the effects seen in vitro were mirrored in vivo.
Using potassium permanganate as a probe it is possible to detect open complex formation in vivo (16, 18) . Escherichia coli host cells carrying the galP con 6 , galP cm TG6 and galPl promoters cloned into pAA121 were grown to mid-log phase, the cells were then incubated at the appropriate temperature for 1 hour, before treatment with rifampicin followed by potassium permanganate to trap and probe open complexes. Plasmid DNA was purified from the treated cells and the position of modification determined using primer extension. The results showed that in vivo lower temperatures were required for open complex formation than observed in vitro on linear templates, but higher temperatures were required compared to supercoiled templates in vitro (Fig.  6 ). It is important to note that the same promoter hierachy was observed in vivo as observed in vitro. 
DISCUSSION
We had previously shown that galPl, an 'extended -1 0 ' promoter, can form open complexes at low temperatures. In this paper we have analysed the contribution of the TG motif, present in 'extended -10' promoters, towards low temperature melting galPl in vivo
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+3 +1 -5 Figure 5 . The potassium permanganate modifications of galP\, cloned inpAA121, in a linearised and supercoiled form. The plasmid was linearised at the unique Pstl site when necessary. The experiments were done at the temperatures indicated, in the presence and absence of RNA polymerase (RNAP), and analysed by PCR primer extension. The arrows indicate single stranded thymine residues, numbered relative to the transcription start site + 1 . Di-deoxy sequencing specific for the indicated base was used as a calibration. Figure 6 . The in vivo potassium permanganate modifications of galP\, ga/P con 6 and ga/P con TG6, cloned in pAA121, in the E.coli strain M\$2bcrp. Cultures in mid log phase (O.D. 650 = 0.5) were shifted to the appropriate temperature and incubated for 1 hour. Rifampicin was added as indicated 5 minutes prior to probing with potassium permanganate. The modified plasmid DNA was extracted by the boiling lysis miniprep method and analysed by PCR primer extension. The arrows indicate single stranded thymine residues, numbered relative to the transcription start site + 1 . Di-deoxy sequencing specific for the indicated base was used as a calibration.
of promoter DNA. Determining the role of the TG motif in low temperature open complex formation at the galPl promoter is not possible, since the motif is essential for galPl activity at all temperatures. We have therefore looked at the effect of introducing the TG motif into two 'typical' promoters galP COD 6 and galP con 5, these promoters already have 6/6 and 5/6 homology to the consensus -35 sequence respectively and both have a 4/6 match to the consensus -1 0 sequence. The ga/P con 6 promoter drives high levels of transcription initiation, however, introduction of the TG motif into this promoter, creating galP con TG6, results in increased activity (15) . This increased activity is emphasised by the observation that when galP con TG6 is cloned into the galK promoter probe vector pAA121 the recombinant plasmid is toxic to the cell. A stable derivative of the ga/P con TG6/pAA121 construct was isolated which contained a deletion in the galK gene. In addition to increasing the in vivo strength of the galP con 6 , while driving lower rates of transcription initiation both in vitro and in vivo at 37°C (9, 11) . To rule out the direct effect of promoter strength on the thermal energy requirement for open complex formation, the temperature requirement for galP^rJGS was measured. The galP COD 5 promoter drives low levels of transcription (11), however, introduction of the TG motif into galP con 5 creating galP con TG5 results in a promoter with similar strength to galP con 6 but still weaker than ga/P con TG6 (11) . The temperature requirement for open complex formation at galPamTGS and ga/P con TG6 appeared the same, thus confirming that promoter strength per se does not determine the temperature requirement for open complex formation.
The most striking finding of this work is the observation that introduction of a single base change into a promoter sequence (galP con 6 to galP con TG6) results in approximately a 20°C reduction in the temperature requirement for open complex formation. This raises the question of the role of the TG motif in promoter function. There are at least two possible explanations for the role of the TG motif, i) RNA polymerase may make a sequence specific contact with the TG motif, i.e. extending contacts made by a with the -10 sequence or ii) the TG motif results in an altered DNA conformation which could either directly facilitate strand separation or allow additional DNA-protein contacts which would then promote open complex formation. Neither explanation is mutually exclusive. The evidence for direct contact between RNA polymerase and the TG motif is that at galPl, the G is protected by RNA polymerase from methylation by dimethly sulphate when in the open complex (11) . More importantly, methylation interference studies show that methylation of the G inhibits open complex formation (7) . Evidence for the role of the TG motif in driving a DNA conformation comes from the occurance of this motif at positions where the DNA is bent in protein-DNA complexes such as the C R P ( C A P ) -D N A complexes (21) . Formation of a transcriptionally competent complex involves several stages, first RNA polymerase binds the DNA to form the closed complex, this step appears to be temperature independent (9, 22) , there is then a conformational change in RNA polymerase in order to nucleate DNA melting and this is followed by a temperature dependent melting of the DNA (22) . It is therefore probable that the TG motif is involved in DNA melting rather than nucleation. Further work will be required to determine the role of the 'extended -10' motif and to assess the role of other sequence elements in low temperature opening. There are several other 'extended -10' promoters, one example is the cysG promoter. The cysG promoter does not form open complexes at low temperatures which therefore suggests that the TG motif is essential but not sufficient for low temperature open complex formation (Belyaeva et al., in preparation) . The galPl promoter makes additional contacts upstream from the -3 5 region, these contacts are analogous to the upstream contacts made by the a subunit of RNA polymerase at the rrnB promoter (23) . It is therefore probable that the a subunit of RNA polymerase makes contacts with the upstream region of galPl, such contacts and their role in the temperature dependence of open complex formation are currently under investigation.
In this work we have also shown that the topology of the DNA also effects the temperature requirement for open complex formation. We have presented evidence that when promoters are carried on negatively supercoiled plasmid DNA, RNA polymerase can form open complexes at lower temperatures. Supercoiling lowered the temperature requirement for open complex formation at all promoters studied. This is consistent with previous observations at the XP R promoter (24) . This observation would be predicted since strand separation will be energetically favoured by negative supercoiling. In addition to the effect of supercoiling at all temperatures in vitro, as the temperature is lowered the level of negative supercoiling increases due to changes in the helical pitch this will further help RNA polymerase form open complexes at low temperatures (25) . We have also shown that in vivo RNA polymerase can form open complexes at lower temperatures than that observed for linear templates in vitro, but requires slightly higher temperatures than supercoiled templates in vitro. This is consistent with the observation that the effective level of supercoiling in vivo is lower than that observed in vitro due to the constraints put on the DNA by protein binding (26) . Another aspect is the role of topoisomerases in the cell which will affect the DNA topology in vivo. In vivo as the temperature drops the increase in supercoiling due to helical pitch is offset by topoisomerases increasing the linking number of the DNA (27) . The important observation is that the promoter heirachy is the same in vivo as that in vitro on both linear and supercoiled templates. Therefore galPl and other 'extended -10' promoters can form open complexes in vivo at lower temperatures than the 'consensus' like promoters used in this study.
